The tool integration research area emerged in the 1980s. This survey focuses on those strands of tool integration research that discuss issues beyond technology.
Introduction
Tool integration is a cross-disciplinary research area incorporating inuences from many elds, such as Software Engineering, Systems Engineering, HumanMachine Interaction and Economics. Buxton´s STONEMAN report is often mentioned as a starting point for the discussion on tool integration (Buxton, 1980) . Buxton (1980) specied the requirements for a support environment for programming Ada by dening the appropriate tools, tool integration mechanisms and interfaces, but also introduced the notion of integrating tools throughout a software project life-cycle. During the 1980s a plethora of initiatives to specify support environments followed, the most well known being the European Portable Common Tool Environment (PCTE) initiative. In the late 1980s and early 1990s, this carried over into an intense academic discussion regarding many dierent types of support environments. It was already clear at this point that the research on tool integration consisted of several dierent strands of research (Brown, 1993a) . The identied strands currently include the (overlapping) categories of tool integration versus mechanisms, technology, frameworks, semantics, modelling, process, dimensions, types, standards and industrial experience (Brown, 1993a; Wicks, 2004; Maalej, 2009) . Throughout the last two decades, the strand that has seen the majority of the activity is the one that focuses on the technology, i.e. the separate mechanisms for achieving tool integration (Wicks and Dewar, 2007) . Many valuable ndings and insightful discussions are found in this particular strand of research, for instance those related to technological innovations such as Eclipse and Open Services for Lifecycle Collaboration (OSLC). The former is an innovative plug-in framework technology that once turned the entire tool integration market upside down, while the latter is a web API technology that currently shows promise of a large impact. However, the other strands of work are also important, although their inuence is currently much more dicult to appraise. This paper focuses on those strands of tool integration research that have implications beyond a specic technology. It contributes to the body of knowledge in tool integration by providing an exploratory literature survey focused on the issues with (and discussion of ) tool integration that go beyond solving technological challenges. Our hope is that this will support disruptive change.
Incremental changes to technology are valuable, but progress in the tool integration eld has been painstakingly slow. If the solutions provided by academia cannot gain traction and impact within industry, then our understanding of industry must be awed. Identifying missing knowledge might eventually facilitate more relevant technological choices. It could also lead to the removal of unknown, non-technological obstacles hindering the successful deployment of tool integration. Furthermore, it should point to changes to current research approaches to allow for more ecient, conclusive research into the eld.
The background is our part in the iFEST project (iFEST Consortium, 2013), an EU research project focusing on the specication and implementation of an integration framework for establishing and maintaining tool chains to engineer complex industrial embedded systems. While building support environments is a challenging task due to the sheer complexity of todays technology, many of the diculties encountered during iFEST were not linked to technology per se.
The choice of a particular approach or technology could make perfect sense to one stakeholder, while another discounted it outright. The ensuing discussions pointed at a lack of adequate research into more high level questions, such as how to prioritize between business models, stakeholders or even dierent academic discourses.
To avoid a situation in which discussions would have degenerated into a mere battle of wills, and to enable an unbiased approach to tool integration, we chose early on to focus on the strands of research that try to reach an overall understanding of what tool integration is. Thus, by identifying the essential core of the cross-disciplinary discourse related to tool integration, we aimed to facilitate future decisions on tradeos and identify any weaknesses in the discourse that may make such decisions dicult. To achieve this, we designed a literature survey that focused on what we called the essence of tool integration -how it is discussed, the context of this discussion and what the implications are. In other words, the survey focused on the non-technical aspects of the tool integration literature, such as how tool integration is dened, if the concept can be further divided into separate parts, what its purpose is and what is required to achieve it. In addition, the survey considered when these types of questions tended to arise and to what purpose. This also means that we have tried to go beyond discussing such things as individual meta-models, reference models and patterns, at least beyond what is motivated by our approach. While these capture important aspects of tool integration at an abstract level, they focus on functionality and usually do not cover the even higher levels of abstraction targeted by this study.
The basis for the paper is, as will be explained in the subsequent sections, a paper by Wasserman (1990) . This paper is a widely recognized seminal paper in the strands of research focusing on issues of tool integration beyond technology.
The status of this paper stems from its denition of what later became a much used classication scheme based on dierent dimensions of tool integration, namely Control, Data, Platform, Presentation and Process Integration. It has been popular to use these dimensions as support when reasoning about tool integration. This scheme is further described in Section 5.
The paper is divided into ve distinct parts due to the exploratory nature of the study. The rst part denes the questions that guided our exploratory investigation (Section 1) and motivates the approach towards answering these questions (Section 2). The second part discusses how these questions led to the allocation of the surveyed papers into initial categories based on common traits or unique contributions related to the initial questions (Section 3). In the third part these categories are used to elicit and analyse four ways in which the discussion of tool integration that go beyond solving technological challenges is either strong or weak (separate discussions in Sections 4 to 7). Which conclusions that are possible to draw based on these analyses is discussed in the fourth part of the paper (Sections 8). Finally, the core ndings and conclusions are summarized in the last part (Section 9).
An Iterative Literature Survey
This section starts with explaining the approach of this literature survey. A case is then made for the validity of the research ndings based on the approach and extra precautions taken.
The Approach
The ndings presented in this paper come from an iterative literature survey, which took place over a period of four years.
The rst iteration, in which the State of the Art of tool integration was studied, took place early 2010 during the start of the iFEST project. The 39 sources studied during this iteration consisted of most 2 of the Association for Computing Machinery (ACM) Digital Library (Association for Computing Machinery, 2013) database citation list for Wasserman (1990) .
The second iteration took place between 2010 and 2012, at the same time as the main part of the iFEST project. Made up of a consortium of 21 partners, consisting of international companies and universities, much input was obtained on dierent approaches to tool integration. When compiling the most interesting work obtained in regard to the essence of tool integration, it became obvious that most of these sources were based on or oriented around Wasserman (1990) . of how many times they had been cited. These criteria ensured that all relevant sources received from iFEST partners during the previous iteration were formally included. At this time a total of 75 relevant sources had been identied during the second and third iteration 4 . Based on the discussion in these sources, a further 15 sources of interest were identied, bringing the total number surveyed during the second and third iteration up to 90. In practice this primarily involved using citations to backtrack to sources discussing classication schemes other than Wasserman´s.
In the nal iteration the whole set of sources were surveyed again to summarize and double-check the data presented in this paper. Out of 129 sources, 117
were eventually used as a basis for the survey. The 12 sources excluded were deemed not to contribute to the targeted discussion, i.e. the discussion of what we called the essence of tool integration. This decision was based on a careful reading of the complete sources after which we could not include them in any of the categories described in Section 3. This does not reect on the quality of these sources or their usefulness in surveys with other focuses.
2 One source was not possible to obtain. 3 A high count was dened as 20 citations or more. 4 In comparison with the rst iteration, the citation lists contained 90 additional sources tting the criteria at this time. However, 1 source did actually not refer to Wasserman (1990) , 7 sources could not be used due to language diculties and 7 sources proved to be inaccessible. Only 4 of the excluded sources were from the highly cited category.
The Validity of the Findings
There is much advice to be found on how to conduct a literature survey, but time must be spent on research design to ensure the trustworthiness of the ndings. The approach described in the previous subsection is primarily the result of considering the implications of the survey´s setup on validity.
Experimental researchers commonly divide validity into internal and external validity, i.e. the degree to which a study can measure what it aims to measure , and the degree to which the research ndings are generalizable to other populations, settings, treatment variables and measurement variables respectively (Kothari, 2004) . This leads to a strong emphasis on validity, with literature studies often used as one way of proving the internal validity of an experimental study. Other researchers have challenged both these denitions of validity and the priority given to ensuring it, for example Glaser and Strauss in their discussion on the generation of theory through Grounded Theory (Glaser and Strauss, 1967) . Nevertheless, validity remains an important issue to consider in any given research design.
Given the aim of this literature survey (to understand how the essence of tool integration is discussed, the context of this discussion and what the implications are) the issue of external validity has been treated as a coverage problem.
Instead of claiming the possibility to generalize to other sources and focusing on sampling, the scope of the literature survey was set early on to all sources that cited Wasserman (1990) . Two consequences of this approach ensured a high coverage of sources related to the discourse on the essence of tool integration: Firstly, most papers discussing the essence of tool integration somehow orient themselves in regard to the most seminal papers in the eld, of which Wasserman (1990) is one; and secondly, any high quality source that does not cite Wasserman (1990) is likely to be cited by at least some of the subsequently published sources on the essence of tool integration. The latter means that high quality sources missed by the early iterations could be identied by backtracking from sources in later iterations. Two additional choices were also made to eliminate potential sources of selection bias: the choice of databases included both a traditional research database (Association for Computing Machinery, 2013) and a Big Data research database (Google, 2013) ; and, even though high citation rankings were used to identify relevant historical sources, the sources from 2007 to 2012 were included regardless of their citation rank. This ensured that sources that have not been around for long enough to be widely recognized were included anyway.
We can thus be reasonably condent that we have captured the relevant parts of the targeted discourse (particular strands of research in the tool integration literature). However, discourses are dynamic things, which require a sharing of authors, concepts and terminology to connect. There may well be separate discourses that contain relevant ndings, but which researchers active in the discourse on tool integration either never encounter or immediately dismiss because the relevance is not obvious. When researchers are able to establish an unexpected connection between two discourses previously thought of as disparate, the results may however be far-reaching. Consider for instance when Reynolds (1987) introduced a computer model mimicking animal aggregation. This work, based on input from biology, has eventually inspired research in such distant elds as networked control and robot navigation. Unfortunately it is not trivial to establish connections between disparate, but principally related, discourses. Therefore, we choose to sample our sources from the literature related to tool integration and those discourses already connected to it, but will return to this discussion at the end of Section 8.
Our approach unfortunately makes the issue of internal validity more complex, since it then amounts to proving that the literature survey method is in itself a reasonable means of answering the research questions. In other words, even if all relevant literature is consulted, what if it does not reect the actual discourse on the essence of tool integration? Therefore, to ensure the validity of the survey, a data triangulation (Denzin, 2006) was performed. The categories that had been identied through the survey were used to quantify the answers and questions in a questionnaire issued by the iFEST project in 2010.
The focus of the questionnaire was Best Practices in embedded system development with regard to tool integration 5 . It was compiled by leading experts in dierent aspects of tool integration, more precisely researchers and practitioners from the iFEST partners. Most of these researchers and practitioners each have more than 10 years´experience of working with tools in their eld.
Tool integration was thus considered from in-depth experiences on this subject with regard to requirements engineering, project management, verication and validation techniques, large IT systems, embedded technology, mechatronics, hardware and software co-design, software architectures, formal verication, etc.
The design of the questionnaire included both open and closed questions. The questionnaire was sent out to and answered by 23 respondents at 14 European industrial companies. This ensured that answers were provided by (project and product) managers, engineers from dierent domains, researchers and software architects. The questionnaire is itself therefore an example of a summary of the most important parts of the current industrial discourse. The questionnaire was ensured to be unbiased and cover tool integration relevant to all parts of a product´s life-cycle through discussions among the experts aimed at identifying a wide set of activities and stakeholders. Furthermore, the results of the questionnaire were later validated through discussions with other research projects in which the iFEST partners were present.
The results from this comparison are presented at the end of Sections 4, 5, 6 and 7 to support the claim that method bias has not signicantly decreased the internal validity.
5 The observant reader may object to this triangulation on the grounds that iFEST targeted the embedded systems community. The results of the questionnaire may therefore be biased towards that domain, while the intent of this survey is to consider the whole tool integration eld. It is then important to remember that the targeted bias is not selection bias but method bias -the requirement on the triangulation is therefore to unearth problems with validity related to across-the-board dierences in industrial practice and not necessarily to prole the academic discussion against each and every industrial domain.
3. An Initial Categorization Brown (1993a) , Wicks (2004) and Maalej (2009) have provided valuable categorisations of dierent strands of tool integration research. However, although they were used as a starting point for this literature survey, ultimately they were too broad for our purpose. More rened (possibly overlapping) sub-categories were instead sought. In addition, seminal papers clearly belonging to a particular strand of research were not necessarily the best for capturing all of these cross-disciplinary strands. A more useful approach was to also survey papers with a focus on technology but partially discussing other strands of research.
In short, more nely grained categories were required than those provided by Brown (1993a) , Wicks (2004) and Maalej (2009) . The sources therefore had to be continuously categorized during the reading (and re-reading) to establish a suitable classication scheme. This was done iteratively through discussions among the authors based on excerpts from the sources, with external feedback as noted in the Acknowledgments section. The sources were thus allocated to categories in the process of discovering topics and relationships that were related to the previously mentioned questions linked to the essence of tool integration.
The result is a new categorisation scheme that is more ne-grained than already existing ones. The nal allocation of sources is presented in Table 1 together with, for convenience, the percentage of sources allocated to each category. The way the topics were handled and the relationships between the categories led to further analysis in four main directions. The reasoning behind this is described below and summarized in Table 2 .
Category 1 includes sources that add to the discussion of non-functional properties related to tool integration. The typical source touches upon this category by referring to dierent non-functional properties that are either problematic to or addressed by the discussion in the source. However, usually no in-depth motivation is given for how the non-functional properties were chosen or how they relate to each other. The category is detailed further in Section 4.
Category 2 includes sources that use one or more classication schemes to structure (part of ) their discussion. Two other categories merit mentioning together with category 2. The rst is category 3, which includes sources that elaborate on Wasserman´s types of tool integration. The second is category 6, which includes those sources that reference a classication scheme other than that of Wasserman (1990) . Together these three categories point to the importance given to classication schemes when discussing tool integration, but also to the deep disagreement on exactly what makes a scheme complete. Further research in the direction of these categories is discussed in Section 5.
Category 4 includes sources that present or suggest the implementation of a framework, i.e. a realization in software to support tool integration. This is related to two other categories. The rst is category 5, which includes sources that present some kind of reference model related to the design for or evaluation of tool integration. Here the term reference model is used to indicate a more abstract denition, which does not have to be immediately realizable. The second is category 7, which includes sources that present some kind of product related to tool integration (data integration tools, languages for generating tool integration software, etc.). To some extent these categories blur into each other, with the allocation to a specic category depending on the emphasis used by the individual authors. With such a high focus on implementation and providing reference models, one would expect the context of tool integration to have been discussed in-depth. Further research in the direction of these categories is discussed in Section 6.
Category 8 and category 9 are straight-forward. The former includes sources that evaluate standards, reference models or specications related to tool integration. The latter includes sources that provide an in-depth reporting on empirical data related to tool integration. Both of these categories are rather small, which raised concerns regarding the theoretical underpinning of the targeted discourse. This merited a closer look at which research methods are used in these sources, detailed further in Section 7. Category 1. Discusses non-functional properties in relation to tool integration (53%) (Arnold, 1994) , (Tilley, 1994) , (Daberitz and Kelter, 1995) , (Wong, 1999) , , , (Grundy et al., 2006) , (Bull, 2008) , (de Alwis and Murphy, 2008) , (Kurniawan and Abramson, 2008) , (Ertürkmen, 2010) , , (Kurniawan and Abramson, 2011) , , (Biehl et al., 2012b) , (Qureshi, 2012) Category 8. Evaluates standards, reference models or specications related to tool integration (8%) , (Brown, 1993a) , , (Zelkowitz, 1993) , (Cuthill, 1994) , (Barrett et al., 1996) , (Wallace and Wallnau, 1996) , (Shi, 2007) , (Skoglund, 2012) Category 9. In-depth reporting on empirical data related to tool integration (1%) (Maalej, 2009) Not included (Arnold, 1995) , (Woodside, 1995) , (Gimenes et al., 1997) , (Conradi and Westfechtel, 1998) , (Bruegge et al., 2008) , (Kurniawan and Abramson, 2008) , (Carbone et al., 2010) , (Haase and Nagl, 2011) , (Zhang et al., 2011) , (Kääriäinen, 2011) , (Biehl et al., 2012c) , (Gu, 2012) 
Tool Integration and Non-functional Properties
The type of non-functional properties and the way in which they have been discussed is detailed further in this section. To support the internal validity of these ndings, the most frequently mentioned non-functional properties are then compared to those frequently occurring in the iFEST questionnaire. As seen in Table 1 , a majority of the sources touch upon the non-functional properties of tool integration. These properties are by nature not easily dened, with most sources not oering any clear denitions, priority order or discussion of how these properties relate. An examination of the denitions of the properties given by the sources also shows that dierent names are often used to refer to the same property, and vice versa -that the same name can actually refer to dierent properties. Nevertheless, even after merging the cases when the sources simply seem to be using dierent terminologies, one is still left with an impressive 30 dierent non-functional properties. Of these properties the 10 most often mentioned make up 73% of the occurrences counted, with the top six properties on their own claiming similar shares out of 58% of the occurrences counted (see Figure 1) . Furthermore, when the top six properties are laid out in a graph showing their occurrences across the last two decades, each show an even distribution over time (see Figure 2) .
In other words, throughout the discourse a few non-functional properties have stood out as more important to discuss than others. The top six of these non-functional properties are discussed in more detail below.
Flexibility is the ease of which a support environment can be adapted. A requirement for exibility can stem from the need to handle early misunderstandings of the requirements on a support environment (Osterweil, 1988) , seamlessly introduce novel features and support cost savings (Welsh and Yang, 1994) . Flexibility is therefore discussed both in regard to the parts that make up a support environment and a support environment seen as a whole. The former discussion has for instance touched upon the interchangeability of tools (Jucovschi, 2012) , while the latter has dealt with how to adapt to the specic conditions of dierent companies or even dierent application domains .
Scalability is the degree to which a support environment can be treated, and be expected to behave, similarly, regardless of changes to the number of parts that it consists of. Lack of scalability support can show itself through inconsistencies or by end users being overwhelmed by too much information (Tilley, 1995) . Scalability can be discussed in relation to parts of support environments, such as standard exchange formats . However, some regard this property as primarily related to the whole (Miatidis, 2007) . Solutions for achieving scalability have been put forward in both of these discussions. Scalability has for instance been claimed to be a benet of component-based architectures (Michaud, 2003) . However, no strong case has been made for a relationship between these solutions and certain high level issues linked to scalability, such as the aws in cognitive support and knowledge transfer mentioned by Brown and Penedo (1994) .
Cost is the impact that support environments have on nancial matters.
When discussed in a narrow sense, this relates to the direct costs of designing, constructing and deploying support environments (Brown, 1993b) , but also how to measure their impact . When discussed in a broader sense, cost relates to the implications of the business context of related stakeholders. For instance, dierent business models of tool vendors have been discussed both as a limitation to which tools are integrated and as a prerequisite for allowing any major benets to be gained by deploying support environments . In this discussion, the use of support environments has been mentioned as commonly based on business goals (Wicks and Dewar, 2007) or even as a critical part of achieving business success (Marquardt and Nagl, 2004) .
Evolvability is the potential of a support environment to facilitate change over time. This is discussed from two perspectives. Firstly, in regard to changes inside the support environment itself. For instance, how the availability of evolvable support environments can be important in ensuring the success of new technology (Dewar, 2005) or how evolution needs to be possible to drive and direct (Osterweil, 1988) . Secondly, in regard to how a support environment can be used to facilitate product evolution when used during development Belkhatir, 1997) .
Additionally, evolvability is also discussed in relation to whole support environments and the parts they are made up of: the former in regard to how economical and political inuences can impact the possibility of support environments to evolve (Earl, 1990) ; and the latter in regard to which technology is best suited for facilitating change (Michaud, 2003) .
Eciency is discussed in conjunction with tool integration with regards to both the technological performance of support environments (Shi, 2007) and how organizations utilizing support environments can perform better . The latter, broader focus is naturally linked to the discussion on automation of tedious, repetitive tasks (Westfechtel, 1999) .
The degree of standardization is the degree to which a support environment conforms to readily available specications (even though the distribution of the specications might be limited to, for instance, those that have paid a fee). The impact of standards may be on details and on broader concerns, since dierent standards target dierent levels of abstraction. The motivations given for an increased degree of standardization are therefore diverse, such as enabling adaption to dierent domains (Sum and Ibold, 1994) , being a prerequisite to dealing with tool integration product lifecycle issues (Schneider and Marquardt, 2002) , avoiding tool vendor lock-in (Ertürkmen, 2010) , and so on.
Even if the provided denitions help dier between the mentioned nonfunctional properties, it does not automatically mean that it is valuable to do so. In the case of support environments these non-functional properties can be too interconnected to allow for them to be studied in isolation. In Subsection 8.1 we provide a number of high level research questions connected to these non-functional properties for future research. An added benet of pursuing several of these questions in parallel would the possibility to understand whether there are common obstacles, such as interconnectivity, to answering this type of questions.
Internal Validity of the Findings
Of the non-functional properties mentioned in relation to tool integration in the iFEST questionnaire, the top 5 are the degree of standardization (31%), eciency (22%), exibility (12%), support for evolution (9%) and cost (8%).
These are also the only ones with a considerable share of the total. Scalability is not mentioned at all. It is reasonable to assume that method bias has not lead to incomplete results, but that scalability is perhaps emphasized more in academic discourse than in industrial settings.
Integration Types
Based on the importance given to classication schemes by the sources, this section starts by describing the way the sources have used and elaborated on Wasserman´s classication scheme (Wasserman, 1990) , and then contrasts it with other approaches that describe tool integration at a high level of abstraction. To support the internal validity of these ndings, the classication scheme introduced by Wasserman (1990) is also related to the iFEST questionnaire.
5.1. Findings Wasserman (1990) introduced 5 types of tool integration, namely Control, Data, Platform, Presentation and Process Integration. These are described as dimensions , i.e. separate, unconnected concerns. The separation between the types of tool integration rests on relating them to dierent kinds of supporting tools and mechanisms. These types of tool integration are by far the most popular idea brought forward by Wasserman (1990) . While 44% actively use Wasserman´s types of tool integration to structure their discussion, a further 22% mention them. Out of the 28% that make use of other classication schemes, 40% do so in combination with Wasserman´s types of tool integration.
However, a deeper investigation of the 66% that make use of Wasserman´s classication scheme, summarized in Figure 3 , shows that the use is not coherent.
Many of these sources elaborate on the meaning of the dierent types or choose freely which of them to take into account.
In the ve subsequent subsections we start by describing each of these types as they were presented by Wasserman (1990) and then go through how other sources have viewed them dierently. Thereafter we discuss other approaches to dening types of tool integration and close by discussing the internal validity of the results. Wasserman (1990) described control integration as the ability of tools to notify each other of events and activate each other under program control.
Control Integration
This denition prevails throughout the discourse, although a signicant number of the surveyed sources try to add on dierent process aspects such as process management (Zelkowitz, 1993) , coordination and synchronization to enable cooperation (Nuseibeh, 1994) and the ability of tools to notify users (Biehl, 2011) .
Several sources also try to clarify control integration by tying its denition to tool functionality, for instance by referring to the use and provision of functionality , or the intent to combine functionality . Wasserman (1990) described data integration as the ability of tools to share data with each other and manage the relationships among data objects produced by each other.
Data Integration
This denition mostly prevails throughout the discourse. A few sources limit the denition, for instance by only referring to data sharing . Most sources try to clarify the denition through examples, e.g. data persistance (Stavridou, 1999) , syntax , semantics (Schneider and Marquardt, 2002) , consistency and traceability (Koudri et al., 2011) . Wasserman (1990) described platform integration as the set of system services that provide network and operating systems transparency to tools and tool frameworks.
Platform Integration
This denition almost entirely prevails throughout the discourse, mostly in vague references to common platforms. The only elaboration makes the denition wider by including all common parts of an environment, rather than just services . Wasserman (1990) described presentation integration as the set of services and guidelines that allow tools to achieve a common "look and feel" from the user's perspective.
Presentation Integration
This denition prevails throughout the discourse, but with several interesting points raised by those that do not adhere to it. Some sources add to the denition by including user interface sophistication Stavridou, 1999) or interaction paradigms . Others entirely reject the view that the goal of presentation integration is always to produce a uniform user interface (Wong, 1999; Tilley, 2000; Asplund et al., 2011) . These instead argue that the focus should be changed to the integration of the dierent users to the tools via their user interfaces. This means that a tool should be able to present dierent user interfaces to users with dierent professional roles, backgrounds, knowledge, purposes or visualization preferences. The goal of presentation integration would then be to facilitate the correct matching of user interfaces to the dierent users. The idea that presentation integration is by necessity a separate concern is even challenged by Stoeckle et al. (2005) , since visualization notations may, through control or data integration, achieve the same result as a common look and feel.
5.6. Process Integration Wasserman (1990) described process integration as the integration of process management tools with other tools in the support environment.
In a later paper Wasserman himself redened this type of tool integration using the much wider linkage between tool usage and the software development process (Wasserman, 1996) . In fact, many of the sources in the discourse have challenged Wasserman´s original denition. And in some cases, the later denition is used even though the sources refer to the original paper Baruzzo and Comini, 2007) .
The most common way of dening process integration is to simply state that it concerns ensuring a proper match between processes and tool integration technology . Other common denitions tie process integration to the denition and integration of process models (Nuseibeh, 1994) , the awareness and enforcing of process constraints on tools based on user roles and process states (Kordon and Mounier, 1997), or both .
Additionally, while the perspective of most sources is that processes should determine which tools are used and how they behave, a few sources acknowledge the fact that legacy tools and tool integration technology might enforce a particular structure on workows (Marquardt and Nagl, 2004; Biehl et al., 2010a) .
Other Approaches
A classication scheme is a collection of conceptual categories that highlight important, distinct parts of a subject under discussion. As such it should be detailed enough to allow reasoning about (a part of ) a subject, but also abstract enough not to unnecessarily confuse the discussion. Classication schemes are therefore closely related to reference models, the dierence being that reference models even though they do not have to be immediately realizable should at least be detailed enough to allow independent work in relation to the subject (for instance on standards (Earl, 1990) ). Not surprisingly one other approach to dening types of tool integration is therefore to link Wasserman´s types of tool integration to dierent parts of a reference model, for example as done by in relation to a reference model which divides support environments into three levels, namely the mechanism (how are the components in the support environment connected), service (what does the support environment provide) and process levels (which activities does the support environment support). Control, data, platform and presentation integration are allocated to the mechanism level, while process integration is allocated to the process level. The same source also raises doubts as to whether the dierent types of integration are in fact dimensions, proposing that as mechanisms become increasingly sophisticated, the boundaries between the dierent types may blur. Later Losavio further detailed this reference model by dierentiating between integration targeting the internal organization, external entities and management .
The most common other type of approach, however, is a classication scheme that diers from Wasserman´s only in the use of more categories within a type of tool integration or by drawing the boundaries between them dierently. An example of the former is Brown and McDermid (1992) equating tool integration to data integration, which is then further divided into the carrier, lexical, syntactic, semantic and method levels. An example of the latter is proposed by Brielmann et al. (1993) in the form of the three separate dimensions of control, data and user interface integration. These three dimensions are a combination of Wasserman´s control and process integration, a combination of Wasserman´s data and (part of ) platform integration, and the same as Wasserman´s presentation integration, respectively. Data integration is the most commonly discussed type of integration in these approaches, followed by presentation, control and process (in that order).
Other approaches add to Wasserman´s classication scheme. Zelkowitz, for example, mentions three notions of tool integration that aect the design of support environments (Zelkowitz, 1996) , namely the conceptual (a shared philosophy in regard to the interaction of support environment components), the architectural (how support environment components are constructed to interact) and the physical integration (the interaction of the actual instances of support environment components).
A few other approaches make use of wholly dierent types. The most obvious example in the sources is Wende et al. (2010) using a classication scheme that measures support environments according to two dimensions: extensibility, which in this source is a measure of customizability ; and guidance, which is a measure of how well the process of customization of the support environment is supported. This scheme was later further extended by adding reuse, which is a measure of the reuse of shared platform functions between dierent support environments .
Internal Validity of the Findings
All references in the iFEST questionnaire that can be related to abstract categories of tool integration fall within the original types of tool integration suggested by Wasserman. Interestingly enough, of these references most relate to data (54%) and platform (18%) integration. Again, it is reasonable to assume that method bias has not lead to incomplete results. The high focus on data and platform integration in the questionnaire, coupled with the survey sources mostly using them as is or ignoring them, is an indication that these are the least controversial categories in the discourse.
The System Context
Based on the high focus on implementation and providing reference models, this section takes a closer look at the system context used by the sources when discussing tool integration. This results in an in-depth discussion of stakeholders relevant to tool integration, since most sources show no conclusive evidence of a well understood system context. To support the internal validity of these ndings the stakeholders mentioned by the sources are also related to the iFEST questionnaire. It is clear that development is the most common context envisioned when discussing the essence of tool integration, either in a narrow (39%) or a broad (32%) sense. This is not a very strong nding, considering that the basis for the survey is a paper in the software engineering eld (Wasserman, 1990) . However, the initially general or non-existent description of the system context in most sources suggests that it is an unimportant, obvious or overlooked factor.
That the system context is unimportant is belied by the other ndings in this report, such as the higher level at which some non-functional properties are discussed (see Section 4) and the many sources which elaborate on process integration (see Section 5). To ascertain whether the details of this factor are obvious to or overlooked by those involved in the discourse we further studied the relevant sources. A closer look revealed that only 13% (of all sources) provide a more in-depth discussion of the context of tool integration. Of these, the majority either discuss dierent scales of organization (20%) or dierent stakeholders (60%). The former relates to discussing tool integration as important to This one-sided focus on a narrow set of stakeholders, important to the implementation of a support environment, points at the system context being overlooked rather than obvious to those involved in the discourse. An in-depth discussion of the continuous evolution of a support environment throughout its lifetime would require one to consider the much larger set of stakeholders involved in relevant decision-making, standardization attempts and maintenance.
Internal Validity of the Findings
End users (in the role of users (76%) and customers (16%)) are the only stakeholders mentioned in the iFEST questionnaire to any great degree. It is reasonable to assume that method bias has not lead to an incorrect perception of a high focus on end users, but that the focus on support environment designers is probably higher in the academic discourse than in industrial settings.
Research Methods
Based on there being few sources that provide in-depth reporting on empirical evidence related to tool integration, this section studies the research methods employed by the dierent sources. The problem in establishing the validity of the ndings for any part of the discourse that takes place outside the academical literature is then highlighted in the second subsection.
Findings
As seen in Table 1 , there is a lack of published in-depth empirical data in relation to the discussion on the essence of tool integration. 8 dierent research Expert knowledge is a part of all scientic inquiry, but the largest group identied consists of those sources that only make use of expert knowledge.
This is not necessarily a problem. A reference model or a summary of the State of the Art does not have to include a solid empirical base to be useful, but rather rests on the reasoning of those experts involved in writing it (the paper by Brown (1993b) is a good example of this). However, several of the sources included in this group simply did not provide a description of the methods used, which has to be seen as problematic with regards to judging the validity of their ndings. The second largest group consists of those sources that make use of case studies, i.e. studies of a limited number of instances of a phenomena. Even though this research method has been criticized over how to ensure that the results are generalizable, this is also not necessarily problematic. Only one of these case studies however, was a critical case study, i.e. set up specically so that it could answer a particular research question. All of the others were openended, exploratory case studies. All of the other groups are formed by research methods that were only used by 1-3% of the sources. These include interviews, questionnaires, mathematical proofs, literature surveys, content analyses and experiments.
Most of these groupings are self-explanatory, but it should be noted that only sources providing a description of a literature survey method were included in the literature survey group. In other words, even though most academic papers include some part that discusses relevant literature, this grouping only included those sources that had the explicit purpose to survey a large amount of literature based on well dened selection criteria.
Internal Validity of the Findings
Research methods are not discussed in the iFEST questionnaire at all. This part of the paper therefore only provides input to the conclusions in regard to the historical, academic discourse on tool integration. The true distribution of methods employed to gain knowledge on the essence of tool integration may in fact be dierent, for instance if industrial companies perform a lot of experiments that are never reported.
Discussion
This section discusses the discourse on the essence of tool integration, its context and the implications in light of the ndings presented in the previous sections. New research questions are put forward based on the non-functional properties mentioned throughout the discourse, something which also has implications on the study of stakeholders relevant for tool integration. The problem of evolving Wasserman´s types of tool integration is discussed, with two frequently mentioned redenitions highlighted. Potentially problematic eects due to the set of research methods currently employed in the discourse are highlighted, and a proposal on how to change this set outlined. The section then closes by discussing the need to further investigate disparate discourses and highlighting
the importance of open communities in relation to this.
The observant reader may notice that the order of the subsections below do not directly match that implied by the order of the previous sections. While the order of the previous sections follow the size of the initial categories discussed within them, the order of the subsections below was chosen to ease the ow of the discussion.
A Discourse Focused on Details
The non-functional properties identied in Section 4 to some extent provide a previously missing priorization order. This order is not an objective measure,
but rather reects what has been seen as important by many taking part in the discourse on the essence of tool integration.
More importantly, while the overall discourse on tool integration largely focuses on mechanisms (Wicks and Dewar, 2007) , the studied discussion related to non-functional properties indicates that the focus should be less on details and more on issues at higher levels. Based on the identied properties, for instance, the following (research) questions merit attention in future research:
Do dierent application domains put dierent requirements on tool integration?
How can tool integration support stakeholders in interacting not only with all data in a support environment scaled to modern situations, but with the right data?
How can business models help drive the deployment of tool integration, not just lock users to a single vendor?
What is the impact of a technological shift, such as the recent decline in the use of Java in favour of RESTful web services, on an organization employing a modern support environment?
When does automating a series of tasks actually provide eciency gains?
How is tool integration standardized? In which standards and by which standardization bodies?
These are just representative examples for each of the non-functional properties found in Section 4, more (research) questions akin to these need to be formulated and related research areas inventoried for relevant knowledge.
An Increased Set of Stakeholders
Research questions with a wider scope will require knowledge of more stakeholders than those found in the discourse on the essence of tool integration so The choice of which stakeholders to study in the end also depends on the context that is being studied. However, currently most researchers feel no need to detail the overall context of their research when discussing the essence of tool integration. As described in Section 6, they either contend that tool integration is straight-forward to generalize or avoid the question althogether by describing their engineering context in vague terms. However, if these generic solutions are easily applicable in all contexts, how come the main part of most industrial support environments are instead made up of ad hoc solutions? In reality most of the specialized requirements of dierent application domains remain unknown, meaning that all claims of generic solutions cannot be said to be based on empirical evidence. In the end the primary motivation for detailing the relevant stakeholders might be to expose the way their motivations dier from case to case, thereby paving the way for congurable tool integration that can enable truly generic support environments.
A Note about the Types of Tool Integration
The types of tool integration originally identied by Wasserman are also likely to be treated similarly in relation to a wider context and a larger set of stakeholders. At a higher level of abstraction they combine and elaborate freely into a exible checklist for discussion of the essence of tool integration.
However, although this exibility has meant that the types have been used extensively, it also means that constant eort is required to maintain a place in the discourse for proposed changes to their denitions. For instance, process integration, as shown in Figure 3 , has required constant redenitions throughout the discourse. This regardless of the fact that even Wasserman later chose to use a wider denition of this type (Wasserman, 1996) .
Two proposed redenitions are frequently mentioned but have failed to be used by those not explicitly interested in these specic parts of the discussion:
the notion that the dimensions are not independent. With such wide denitions in use, these types are commonly discussed as if they were de facto related. This has implications primarily on presentation and process integration, since these are dependent on the other categories to a higher degree . A consequence of this view is that not only the types should be discussed in regard to proposed solutions, but also the dierent dependencies that exist between them.
the view that presentation integration should not target uniform environments, but rather enable customized Graphical User Interfaces (GUIs) for users with dierent needs.
Hopefully this paper can in some way facilitate a wider use of these redenitions.
Research Methods
The most commonly used research methods in the discourse on the essence of tool integration are expert knowledge and exploratory case studies. As discussed in Section 7, this is not necessarily a problem. However, when the research eld is permeated by these two research methods and by studies that do not disclose their research designs to any high degree, then it is natural to ask oneself how sure one can be in the validity of the accepted truths of the eld.
Generalizability in particular is not ensured by the repetition of the same opinion by many experts, or by the success of a particular solution in several cases.
If more research methods are required to strengthen the claim of validity, which should then be chosen? It could be argued that just using more research methods to encourage the development of dierent views in a research eld is valuable in itself, but if care is not taken then there are potential risks, for instance incoherent theory development (Blessing and Chakrabarti, 2009 ). Some research methods are also potentially very fruitful, but dicult to use within software engineering (Fenton et al., 1994) . A more plausible way forward is to design a change to the set of research methods based on the distinguishing characteristics of the research eld itself.
One such dening characteristic is the strong focus on software design solutions by researchers in the eld. This focus is shown by previous studies (Wicks and Dewar, 2007) , the focus on implementations (see Section 3) and the choice of stakeholders in the academic discourse (see Section 6). One conclusion is that research into tool integration is performed just as much with the intent to invent and present new software designs as to provide knowledge on the phenomena of tool integration. A start towards a changed set of research methods is most likely to be successful if it can be motivated in combination with such an intention.
A rst step by researchers into tool integration should be to consider a shift from exploratory case studies to critical case studies. In other words, more cases should be chosen with care for how easily generalizable their ndings are. Flyvbjerg (2011) gives the example of how measuring the impact of handling organic solvents on workers at an enterprise that rigorously follows safety regulations might be generalizable to workers at enterprises that are not as rigorous. Similarly, it may be easier to claim valid ndings if a new technology for evolvable and scalable support environments is deployed at an organization undergoing signicant growth, rather than at an organization that remains static for the duration of the study.
Considering the large eorts put into implementation, the design of support environments can both attract researchers from other research elds and achieve synergy eects together with them. If a new mechanism for support environments is constructed, then its impact on software customization, data mining, systems engineering and dierent application domains could be studied in parallel. This would provide the possibility to set up theory triangulation studies (Denzin, 2006) , which could foster the use of several research methods in parallel mixed method studies (Tashakkori and Teddlie, 1998) . A reasonable assumption is that interviews and content analysis can play a role in such studies, at least in the many cases when the system context is given by such abstract and complex activities as system and software engineering (see Section 6).
For example, interviews can be used to collect data on the eciency of dierent visualization techniques, with the execution times of the underlying technology simultaneously recorded; defect data can be gathered and statistically analysed, with engineers interviewed on the likely origin of quality problems.
Besides helping to ensure validity, diversifying the employed research methods in this way would be benecial from the perspective of tool integration researchers in other ways. With regard to the critical case studies we argue that it would lead to more focused eld studies. With regard to theory triangulation we argue that it would lead to a quicker uptake of State of the Art ndings from other research elds. Especially better focused eld studies would make it possible to answer such high level research questions as those found in Subsection 8.1. Furthermore, both of these benets are important not just to academia, but also to the industry. Testing unproven technology quickly and with the intent to identify the boundaries within which it is realistic to use should lead to knowledge that is more valuable to decision makers.
Disparate Discourses
When scanning through the nal set of sources, we can identify several expected connections, e.g. the Model-Driven Engineering (MDE) discourse (e.g. through the paper by Kapsammer et al. (2006) ). However, there are also some that we did not expect, which connect the targeted discourse to, for example, chemical engineering (e.g. through Marquardt and Nagl (2004) ), and software re-engineering (e.g. through Tilley (1995) ). As mentioned in the discussion on validity in Subsection 2.2, there may also be relevant ndings in unconnected discourses that are dicult to tie to the targeted discourse due to dierencies in terminologies, research methods and models. We can identify at least one that has a high potential of containing ndings relevant for tool integrationnamely the discourse on ISO 10303 (informally known as the STandard for the Exchange of Product model data (STEP) standard ).
The discourse on STEP is primarily focused on data integration (Pratt, 2005) , as is the previously mentioned MDE discourse (Giese et al., 2010) . This paper shows that the tool integration discourse is not limited to low level implementation details, and the STEP discourse has similar implications. High level issues discussed in the STEP discourse include, for example, business drivers, high level stakeholders and dierent application domains (Fowler, 1995) . It is particularly interesting that this disparate discourse focuses on a standard. We also work with safety standards, such as IEC 61508 (2010), ISO 26262 (2011) and DO-178C (2011a) . Changes in industrial practices have required these standards to take tools and tool integration more and more into account. For instance, DO-330 (2011b) , which was one of the rst released supplements of DO-178C, focuses solely on software tool qualication. Although there is a connection between the targeted discourse and the discourse on these standards (e.g. through ), it is weak.
Further research is required to investigate the implications in these and other disparate or weakly connected discourses. Seeing that standardization is an important topic in the targeted discourse, communication of experiences and knowledge across open communities employed in the context of (pre-)standardization could be especially fruitful. Not only would this communcation create opportunities for theory triangulation (see the previous subsection), but it would also oer opportunities to observe and interact with a larger set of stakeholders in their particular system contexts.
Conclusions
By surveying sources in the strands of research focusing on the essence of tool integration, six non-functional properties that are treated as especially important have been identied: exibility, scalability, cost, evolvability, eciency and the degree of standardization. In the surveyed sources these properties are discussed both with a narrow focus on technology and a broader focus on how a support environment as a whole impacts its environment. However, this environment, or system context, is vaguely dened, with important stakeholders only discussed in passing if at all.
The discussion in the targeted discourse related to the six non-functional properties points at the lack of research into how support environments impact and are impacted by high level issues, such as dierences between application domains, business models and organizational eciency. Redeeming this lack will require a substantial eort to identify the motivations of a larger set of stakeholders and how these motivations dier between dierent system contexts.
Wasserman´s types of tool integration are likely to continue to be used as a exible checklist, regardless of whether this lack is redeemed or not. However, this checklist would benet from two changes. Firstly, the notion of an independence between the types needs to be rejected, and each of the dependencies that exists between the types incorporated into the checklist. Secondly, presentation integration should be redened, focusing on how dierent users interact with GUIs rather than how GUIs can be made to look the same.
Furthermore, a summary of the research methods used throughout the targeted discourse shows a large proportion of studies that use exploratory case studies or only expert knowledge. This, together with the high number of studies that do not provide details on their research design, motivates a changed set of research methods to ensure validity. A shift towards critical case studies and theory triangulation stands a good chance of acceptance and fruitfulness, based on the common intention to invent and present new software design in the discourse.
Finally, there are discourses that are separate from or weakly connected to the targeted discourse, but which have a high probability of containing relevant ndings. The examples highlighted by us are standardization discourses, implying that open communities employed in the context of (pre-)standardization could be especially important in furthering the discourse on the essence of tool integration.
